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HATICriAL ADVISORY CerMTTEE FCR AEROKA'JTrT) 

RESTRICTED BPILETIK 

A FWEKHUTI« iriMCAT». FCR AIRCRAFT EHOINES 

By Thomas Dallas, Gen« "03s 
and "yren L. Harrie3 

SONUS 

An electricii-relay circuit that uses cylinder thermocouples 
as the priiary element for Indicating rreignitlcn 8* misfiring in 
an aircraft engin» is described. In its present fo.it th» indicator 
was used en a 12-ey Linier liquid-cooled engine mounted en a dyna- 
mometer stand, but the cir-juit principle is equally applicable to 
any engine. 

Or. the test engin? tre indicator gave ..arning. By means of i 
system of panel lights, »h'-n any cylinder varied more than 31/ r en 
either side of its normal operating temperature. It also indicated 
which cylinder was malfunctioning and whether the cylinder was t*o 
hot or too cold. 

IKTBOKJCHO» 

Tn *he cours» of tests conducted at the NACA Cleveland lab«- 
ratory for the determination of the knock-limited porer "f ain-raft 
enf.ir.«s at high outputs, it was necessary to tnsur? against engine 
failures resulting frcm preignitien. Engine failure from preignition 
is rirtioularly insidious because it can occur in a few seconds with 
lit UP or no naming. For th<s reason, the primary requisites of a 
successful preignition indicator are a shjrt response ti-ae and th9 
ability to give a positive indication f rroipr.itijn. Til» ultimate 
•im is an instrument for exr»ri".Fntal flight testä that in lignt, 
rugged, and rollahlj. 

Preraure-actuated knock-detection equipment has been used by 
the United Air Lines and Standard Oil Company cf California to indi- 
cate the existence of preignition, but the installation of knock 
pickups requires consider able engine .-.ndificat ton ar.d with liquid- 
cooled engines this "Odifii-atirn is generally impracticable. 
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A »w?ignltion indicator thit uses thermocouples for the pri- 
•..r,     .   -   nt     .J te3t«ii   >•.  »     Ülgl -.'.--i   • " alliSCB   BglM   ai i 
12-cylinder 7-1710 Allison engine mounted oa a dynamometer stand. 
This indicator! which prevented damage to the 12-cylinaer engine 
by consistently .-ivirg reliable rarning of prei^nition, is des- 
cribed in this report. 

*~, 

• 

OmATI.O FRIXIPT.E 

That pr-!ignition leads to a general risT in cylinder tempera- 
ture is «ell known.    For good sensitivity, therefore, a control 
point for thermocouple installation should be chosen that responds 
rapidly to this töT.^eratur« rise.    Because of cylinder snape sor.e 
locations aro i.naccasslbloi a control point wau selected, however, 
between the two axVuu3t-vaJy: seats of t.v-j si ngl«-cylinder tost 
engine and a th inr.oco lpla was inrtalled to check its taaparstore 
response,    (~ee fig. 1.) 

In those tests. pr<<l-nltion wis induced by a hot spark plug. 
A roliablo indication of tho start of preignition waa ootained with 
a piezoelectric pressure pickup and an ojciiloscop.' by observing 
the her is .vital shift in thn prjstur-' trace.    In orc.ur to chuck the 
respon-:, pr-stgnition was induced at a v.iri-ity of ongino conditions» 
the fuol-air ratio was varied from O..^? to 0.109, tho brate nrnan 
eff'ietivi! pressure mi  «srj 11 from 12} to Jli pounds par sjuar'! inch. 
Mil toe    nginu speed was varaei fro.-n 1600 to 3000 rpm.    Undor r;very 
typ-j of condition, the cylinder-head temperature began to rise with 
th9 ons-t of prolgnition. 

Methods of Indicating Prelgnition 

In th.j utilisation of tv   t  an r irire. ris? for indicating prc- 
ignltion, an instrument can operate- sithT on the ratj of t.mT.raturo 
rise or on the total increase in temperature above the nornal te - 
perature for the given en»-i»- cen-iitl ins.    The utilization of thf 
rate of temperature rlss v->'ild rejuire vacuum tub'ja and, evn if the 
staplest vacuur.-tube circuit were used to protect a given cylinder, 
a circuit with the repiire-i rectifier power sutipll.es to accommodate 
each cylinder of a nutt icy Under engine would result in a complicated, 
heavy instrument.   The us« •if the rate of t«aapBrstur<   r:e ».as t'iere- 
fore abandoned in 1'avnr of a sensitive wvlnr-coil circuit that can 
operate on the total tenwwature increase. 

—   The use of the total lncroas; in t •« er »'.<«•-. M   in indication 
of preignituin ras first checked an l*a 12-cylinder test engine with 
an Indicator employing 11,'ht-beum, galvanor.at«rr.    til« v;'ltat;e for 
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•sien ralvanoaeter MM from the differontially connected thermo- 
eoupl .s of a pair of cylinaersj thus, o galvanometers protected 
12 cylinders.    Tha system functioned satisfactorily but the chief 
disadvantage -.«as that, when the first cylinder of a pair was colder 
t:.an normal because of misfiring, it nevertheless gave thu Identical 
indicntion that the second cylinder of tha pair gave if the second 
cylinder was hotter than norm-il.   Also, in this circuit,  indication 
was not automatic ani an observer was reiuir^d to keep constant 
ritch during tests.   Negligence on the part of the observer Tor only 
a few secoais could be sufficient to allow engine? failure. 

Theory of Operation of Sensitive Moving-Coil Circuit 

In the  indicator that was developed to provide a r.ore n. lrly 
automatic system, thr ea cylinders function as a unit.    If the t:mper- 
ature of one of th") thr^e cylinders is appreciably iow^r or hiijhor 
than the other two, the indicator will give a rarning.    The circuit 
utilizes the Sensitrol relay manufactured by tho Xjston Electrical 
Instrument Corporation.    This r:lay is essentially a combination 
milllvcltmet'r and r .lay and, as shown by th; simplified circuit dia- 
gram of figure ?, the   i -f 1 -ctlnp-coil  voltafs of each Censitrol relay 
Is obtained from two differentially iiUMSillnil thermocouples. 

With the relays connected as shown In figure 2, if one cylinder 
Is hotter tlian the other tvn in a grcup, the pointers of two relays 
will deflect toward each oth^rj similarly, if on:: cylinder is colder 
than tha other two, the pointer« of two relays will deflect away from 
..ach othT.    ifurtbtrmor-, the combination   f uVflactions caused ey a 
given hot or cold cylinder is unique. 

As an example, assure cylinder 3 prelgnitas and is therefore 
hotter than o/Hndors 1 and 2.    (Sac fit. 2.)    Curr.nt will flovr from 
c/Under 3 to cylinder ?, through the deflecting coil of r-lay B, and 
back to cyllad r 3.    anothar current will l'low i'rem cylinder 3 to 
cylinder 1, through the coll of rvlay C, and baek to cylind <r 3«    The 
point.r will deflect away from th* terminal through which the  current 

••     r 1v by choosinr th* corret relativ; directions of 
d.fl ictinp-coil winding and pr.nani.nt mapni:t field of th« Sensitrol 
relay.   If this assumption is made, th.) pointers of relays B and C 
will dafloct toward -.-»ch other and contacts 1 and 1» en r:lay P and 1 
ind < on r lay C will b-   connected.   This cenn ction is unique j no 
other hot or crld eylindsr will s.-t up this combination.   It is there- 
fore pcsslol   to connect warnir.i» circuits that will in:llcite any hot 
or cold cyltni. r. 

It shoild fc> point d out, !.**f?vrr, that a f-ils    warning will be 
given If two cf th« tvr>   cylinders in any set should situitar. ously 

1 
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pmlpnlte.    For instance, if cylinders 1 and ?. praigQlt«, the indi- 
cator fill show misfiriu? ir cylinder 3.    The possibility of the 
occurrence of this condition is considered to be remote.    A condition 
more likely to occur is simultaneous misfiring in tv.o cylin lorsi the 
indicator «till then erroneously indicate prelgnitioii in the third 
cylinder. 

By the method of conn- ctlcn shown in figure 2, two Halts .ire 
set on cylinder operation with a single relay for each cylinder. 
SecTise two or "Bore relayj are re julred with more conventional methods, 
the panol is greatly simplified and materially reduced In weight by 
this method of connection. 

::UiTlOB OF r?.KIQUITION INDICATOR 

Description of Relay 

Because it Is possible to obtain jeesltrol relays with va.lous 
nodificatlons, the description tiiat follows will nocesEirily be limited 
to the relays used in the indicator.    Tho relay  construction i;. such 
that tlte L'ullcating pointer closes an electrical, contact at either 
ari increasing or a decreasing value of Input voltage.    Positive con- 
nection IJ provide i and chattering bew-en contacts ij eliminate in 
the Sensltrol rjlay by t-ro small psrnanent nufntts that serve as the 
fixjrt contacts and a s-all iron riler i>r. tha pointer that serves as 
the movim; contact. -.rol Is a locKtns-type relay and a 
•oleoold reset mechanitr. is provided for  Jissemjaging the polnt-r from 
tho I lx*i ma-^netlc contact.    When sufficient input voltage has been 
appliel, the- deflection of tee polnt3r pl^ce;; the iron rider within 
control of the nagn-!tic field of the fixed contact, which attracts 
the pointer through tho r^st of thr distance and accomplishes contact. 

indicator Circuit 

The act »I rlr^'ilt used in the trial at^r complete with warning 
circuits is shown ir  •"• .• r.     ', fer as1 i trol relays. 
This circuit will no."    -Mat • ai.y Safins hwing an ln'egral multi ,L: 
of thr ••. •' Und»rs| four such circuits «sre used       t! • 12-cyllnder 
test •   .     .•   •  cylinder } is pr-.ltrniUnr je'nr tr.   c nlitlons of 
the e»-. -: - previous]? djscr.'.bod, the v'-volt pow r supply will 

r lay <H through tho Zlcnoitrols B an.! C ani a warning 
i::at, controllad by r<lay JH, v.111 in: ndar } is hot. 

I, Is a photograp: i-iel u».<d with UM l.?-cvl Inder '-st 
•n.tallition and OMOTC «be * irnin^ li.-htc and the 3nnsitr 1 

r-1 ly dial*. 
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The warning lights *-ere operat3d thronr.h intermediate relays 
bscauaa the SenEttroi relay contacts arr limited to 5 watts at 
110 volts.    (See fig. J.)    Each intermediate, relay is a dsublo-pole 
midget relay, rfhich has a rating of 30 raillianyeres at 11? volts a-c. 
bat which »ill operate reliacly at 30 volt»,    inly one pole 18 
required for the light-'.wniing circuiti the other pole may be uaed 
to operate a bull«* or noon other supplementary warning device. 

The three-phaso power supply for the naming circuit was 
obtained from a 110-volt single-phase »ourc».    (See figs. 5 and 6.) 
Ine primary of an isolation transformer of ljl ratio war connected 
to the H0-Tolt source.    The twe identical 110-volt seeoniuri<JS 
formed a three-phase open-delta system -Then connected to suitable 
values oj* resistance) inductance, and capacitance.    Jpaco was saved 
by using the primary of the warring-light transformer for the 
inductance L.    '.ho OOrrect  inductance m obtained by res Lacking 
the transformer eire and leaving a small air pip. 

Calibration 

A bench test was riade in which an actual engine indicator was 
siiulatel by coaneeting al umlnam-crnstaivian ti»'rm:;couples to the 
Ssnaitrol relays as 3hc*n in figure i in order to deteraine the tem- 
perature differential required to operate UM Jensitrols.   Aluminum 
«Ira rather than alaalnaa alloy was ussi booauee no material »laving 
the ooapoeition of the tost cylinder heiu m available.   Another 
purpose of this test was to deavmetrate that  the temperature  slffer- 

.is reqalr-jd to operate the Ser.sitrol r.lays are substantially 
unaffacted oy the braes »ire beoeuss, in the engino installation 
dsscribod later in tn? report, brii.s wire ta essentially in parallel 
with the aluminviD-alloy legs of the thermocouples.   The test results 
shimn In labte 1 w.:re obtr.iii»d by differentially heating three 
sluadaua-coMtaBtan couples whose Junctions were Joined i.lth brass 
wir»- Ln me instance but not in the otheri the results prove th t 
the S-in&itri;!a are unaff »eted by the brass wlru. 

TABLE 1. - " . '   .        -:SD TO OPShATE SttSIXUU 

1 
Cylinder 

"hermocoUjils    without 
• ." 

i!. traooouples .'.ith 
braes v Lr. 

»at Cold Mot 
(°F) 

Cold 
(°F) 

1 
2 
5 

, •;        52.? 
27.0 

'•*>           2Ü.3 

2^.0 
)   . ' 
30.-; 

31.5 
27.3 
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The indicator •aas partly recalibrated after it was installed 
on the l?-cyllnd»r test englae by injecting water into individual 
cylinders.    The drop in temoerature required to operate the indi- 
cator ranged fro-s 23° t to 3*° t and closely checked the values of 
taole 1.   the temperature drop r«"iulrod for a not-cylindnr condition 
(simulated by the sinultanasus Injection of ./ater to the other two 
cylinders of a set) checked -sithin 2° I the values previously found 
for the MM cylinder. 

Although it rejuirss approximately k seconds for the Sensilrol 
relays to make contact after application of ISO percent of full- 
scale voltage, the spend of response is adequate.    Unpublished data 
i"r<-m the single-cylinder engine used in the preliminary tests shoji 
that the rise in cylinder-head temperature ranged from 3«5° F to 
?3«2° F per second.    If tue temperature response   ias at the lowest 
rate of 3«^° F per second,  it will roiuire approximately 1" seconds 
to reach the trloping tenorratur« of the ."ensitrol relay.   The lower 
rates of temperature rise are, however, at the less severe engim 
conditions (low engine speed or lor bmip>.    In one test on the single- 
cylinder engine, proignitlon was allowed to continue for 11.1 seconds, 
d-iring -Alch the teaoeratore rose "52° i', at fairly severe engine con- 
ditions (engine aoeod, 2600 rpmi baap, 3'3 lh/s:i in.)i no engine 
damage occurred. 

Thermocouple Installation 

In a current test installation on the l?-cylinder engine,  iron- 
con-tantan thermocouples located as Hml in f igur-; 1 are used in 
conjunction with a potentiometer to measure cylinder-head tempera- 
tures.    The 12 conatantan wires of this system are used for the 
preicnition indicator to form a thermocouple system of constantan- 
allominum-alloy couples having the alaminum-alloy sides common. 
(See fit:. 2.)   The poteritiometer-thormocouplo system has a Junctirn 
box nc:xr the engine and copper wires Instead of const ±ntan ..ires are 
connected from this box to the 'ire ignition indicator in order to 
reduce the resistance of the iniicLcr-thermocouple circuits.    The 
thermal voltages are not altered by this arrangement.   For the voltage 
at the Uensltrcl relays to on a;>yroxi:iiately equal to the generated 
thermocouple voltages, the resistance of the external thermocouple 
circuit should be below 2.5 olios, or auout •> j«rce:it of the "to-ohm 
.-• Lit: tunee of the Sensitrol deflecting coil. 

Th'»rmocoiple installations must bo carefully male because an 
i-proper or careless installitlon can cause much trouble in tne indi- 
citor operation.   Tue ootentio^eter ca-."ii(3 are undisturbel b^c use 
the lron-con»tantan i.lre» are firmly welled to-»et!c!r.    Peening tne 
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iron-c-mstantan t^rmoco-ipl-'S directly into holes in the cylinder 
heal vi.ir unsatisfactory for the indicator because vibration often 
caused hiph-resistance or open connections between trie aluT.inun- 
"illoy head and the eafeedd*d thermocouple at  these points.    These 
hl.vi-r"il5tante or open cormactiona often MilWd false indications 
•>f prei.nition to appear on the warninr system using the li.-ht-beara 
^•»lvwioi-'eters; however, this trouble was eli-iinated by silver- 
.-. rll«rl: • t).-* ircn ar.d constintsr. wires tc Mall brass pluf^s, which 
were then peered into hrles  in the cylinder heads.    Satisfactory 
operation was also obtained by another installation in which the 
plups ware interconnected with ordinär:.- brajs safety wire to further 
Insure a ecml^te ther:aoco''ole circuit.    although brass and aluminum 
have approximately e^ual therno"l»ctrlc powers, inasmuch as th-.» cyl- 
inder head is xi:•-  ->f alu-.inum. allpy, it nay be neueasary in sons 
installations to select a brass wire of suitable conpositioii. 

Because the normal operating temperatures of all cylinders are 
not exactly the sane in the 12-cylinder te3t engine,  it was necessary 
to res-'t the »oro adjustment of each Sonsitrol relay after the engine 
was running normally.    In 'xtreme cis»s of varying cylinder te.-npara- 
t'uvs, it may be necessary' to group s^iectivt.l/ the tiiermocouoles to 
intereonnoct cylinders having similar operating te^iforaturis.    Tho 
possibility of high eluutricil^esistarcc connections and spurious 
thermoelectric voltages makes it inadvis-itle, hiwever, to interconnect 
thermocouples from both block» of a V^type liquid-cooled entin   and 
such a connection should be »voided 11' possible. 

The indicator was txtraaaly useful in locating misfiring spark 
plugs, ,.ortieularly whan tha 12-cylind'T engine itas operating with 
i clos id exhaust evateaw    flh.jn oithcr sidu of fie dual ignition was 
swttcnud off during a magneto check, a cylinder containing a misfiring 
plug was indicated as buing cold. 

Although th.-. indicator was tested »-n only a liiuid-corlcd engine, 
it -.ia be us<;d on an air-«ooled engine if a sufficiently responsive 
thermocouple   installation can be mada.    It is bflirv.-d that a thormo- 
eourl    »hloh In iicat s th^ t—r.peraturo near tin .?x!.au3t-valve seat 
would -lualify. 

Ker Installation of tr    indicator on a lU-cyltndf-r »myn.;, toe 
..sit    Integral mlttpl<   of throe cylinders for installation of 

the lr.iicatcr couli b- simulate) by Installing two thermocouples on 
one of t-.   eylind.rs. 
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In «ach instance during a series of protpniticn te3ts on the 
12-cyllrder test engine, the indicator designated the prcigniting 
cylinder reliably and qut-kly. In many if the runs, aft»r the pre- 
ignitlng cylinder had been designated by the indicator, the indi- 
cation was checked by noting the rapi'i rise cf the cylir.der-head 
temperature with a self-balancing pctentloiseter. 

Because th» 12-cylinder engine did not have a constant-speed 
control, preignltim was detected by a drop in engine speed. Care 
is necessary, however, to distinguish a normal drip in speed, 
occurring from a change in engine conditions, fron the drep ir. speed 
caused by preignitlon. 

Aircraft Engine Rest-arch Laboratory, 
National Advisory Cowittee for Aeronautics, 

Cleveland, ">Ho. 
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a variation of 3U0°T on either side of cylinder's normal operating temperature.    A power 
supply system applicable in operating this circuit is given. 
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